05/10 2004 TUE 10:37 FAX 



©002/003 



* 



BEST AVAILS 



COPY 




Applicants: 
Serial No.: 
Filed: 
For: 



IN THE UNITED STATES PATENT AND TRADE MARK OFFICE 



Dcmpsey et al. 
10/627,500 
July 25, 2003 
INTEGRATED DIGITAL 



Confirm. No.: 
Group: 
Examiner: 
Dkt No.: 



3247 
2819 

Williams, Howard L. 
AD-332J 



CALIBRATION CIRCUIT AND 
DIGITAL TO ANALOG CONVERTER 



AFFIDAVIT UNDER 37 CFR Section 1.131 

We, Dennis A. Dempscy, Thomas G. O'Dwyer, Oliver J. Brcnnan, Alan Walsh, 
and Tudor Vinereanu, hereby say: 

That wc are the inventors for the above-identified patent application; 

That we conceived in the United States the invention claimed in the above- 
identified patent application prior 10 August 30, 2002, the filing date of the cited U.S. 
Patent No. 6,667,703 to Rcuveni et al. 

Attached Exhibit A illustrates this conception of a simple and inexpensive, but 
much more accurate, DAC that can be achieved by integrating a calibration unit with the 
DAC to digitally provide the DAC transfer function end point coefficients, e.g. gain and 
offset coefficients, zero scale and full scale coefficients to the DAC, in which coefficients 
can be stored in a memory of the calibration circuit and can be applied to adjust the DAC 
end points. 

That pursuant to this conception, we actually reduced to practice in the United 
States, the invention claimed in the above-identified patent application prior to August 
30, 2002. the filing date of the cited Reuveni et al. patent. Attached Exhibit B illustrates 
a DAC that is integrated with a calibration unit to digitally provide the DAC transfer 
function end point coefficients to the DAC, in which coefficients can be stored in a 
memory of the calibration circuit and can be applied lo adjust the DAC end points. 

That Exhibits A and B, which relate to the aforementioned conception and actual 
reduction to practice, correspond to the invention broadly disclosed and claimed in the 
above-identified patent application. 

Further deponents saitli not, 



05/10 2004 TUE 10:38 FAX 



1003/000 



Dennis A, Dempsey 



Thomas G. O'Dwyer 




Tudor Vincreanu 



Alan Walsh 



Witness 

Signature 

Print Name C(3 ^^ g Sou-^ * 3 
Date Q5/o^W^°^ 



Witness _ 

Signature <7 

Print Name To/^v T/fVC ^/ 

Date g S I lO j ■• 



2 



10/05/2084 12:24 



7819371305 



CTS DIVISION 



PAGE 01 




^#SerialNo.: 10/627,500 
^ Filed: July 25, 2003 

For: INTEGRATED DIGITAL 



Applicants: Dempscy et al. 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



Confirm. No.: 3247 

Group: 2819 

Examiner: Williams, Howard L. 

DktNo.: AD-332J 



CALIBRATION CIRCUIT AND 
DIGITAL TO ANALOG CONVERTER 



AFFIDAVIT UNDER 37 CFR Section 1.131 

We, Dennis A. Dempsey, Thomas G. ODwyer, Oliver J. Brennan, Alan Walsh, 
and Tudor Vinereanu, hereby say: 

That we are the inventors for the above-identified patent application; 

That we conceived in the United States the invention claimed in the above- 
identified patent application prior to August 30, 2002, the filing date of the cited U.S. 
Patent No. 6,667,703 to Reuveni et al. 

Attached Exhibit A illustrates this conception of a simple and inexpensive, but 
much more accurate, DAC that can be achieved by integrating a calibration unit with the 
DAC to digitally provide the DAC transfer function end point coefficients, e.g. gain and 
offset coefficients, zero scale and full scale coefficients to the DAC, in which coefficients 
can be stored in a memory of the calibration circuit and can be applied to adjust the DAC 
end points. 

That pursuant to this conception, we actually reduced to practice in the United 
States, the invention claimed in the above-identified patent application prior to August 
30, 2002, the filing date of the cited Reuveni et al patent. Attached Exhibit B illustrates 
a DAC that is integrated with a calibration unit to digitally provide the DAC transfer 
function end point coefficients to the DAC, in which coefficients can be stored in a 
memory of the calibration circuit and can be applied to adjust the DAC end points. 

That Exhibits A and B, which relate to the aforementioned conception and actual 
reduction to practice, correspond to the invention broadly disclosed and claimed in the 
above-identified patent application. 

Further deponents saith not. 



10/05/2004 12:24 7819371305 



CTS DIVISION 



PAGE 02 



Dennis A. Dempsey Thomas G. OT)wyer 

Oliver J. Brennan Alan Walsh 



Tudor Vinereanu 




Date fo/osr/acay 



Witness 




Print Name 2>Amj> ZZ>rt ~BAS S#aJ 
Date /fiS/ 3 coy 



2 



04 MON 16:57 FAX 353 61 302117 ANALOG DESIGN 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



Applicants: ) )empsey et al. 



Confirm. No.: 3247 



Serial No.: 0/627,500 
Filed: ;uly25,2003 
For: ] NTEGRATED DIGITAL 

< :alibration circuit and 

1 )igh al to analog converter 



Group: 2819 

Examiner: Williams, Howard L. 

DktNo.: AD-332J 



AFFIDAV[T UNDER 37 CFR Section 1.131 

We, 1 tennis A. Dempsey, Thomas G. ODwyer, Oliver J. Brennan, Alan Walsh, 
and Tudor V nereanu, hereby say: 

That ve are the inventors for the above-identified patent application; 

That ve conceived in the United States the invention claimed in the above- 
identified pai tnt application prior to August 30, 2002, the filing date of the cited U.S. 
Patent No. 6, 567,703 to Reuveni et al. 

Attac led Exhibit A illustrates this conception of a simple and inexpensive, but 
much more a :curate, DAC that can be achieved by integrating a calibration unit with the 
DAC to digit illy provide the DAC transfer function end point coefficients, e.g. gain and 
offset coeffic ients, zero scale and full scale coefficients to the DAC, in which coefficients 
can be stored in a memory of the calibration circuit and can be applied to adjust the DAC 
end points. 

That ] pursuant to this conception, we actually reduced to practice in the United 
States, the in mention claimed in the above-identified patent application prior to August 
30, 2002, the filing date of the citsd Reuveni et al. patent. Attached Exhibit B illustrates 
a DAC that i: integrated with a czdibration unit to digitally provide the DAC transfer 
function end point coefficients to the DAC, in which coefficients can be stored in a 
memory of tf e calibration circuit and can be applied to adjust the DAC end points. 

That ! ixhibits A and B, winch relate to the aforementioned conception and actual 
reduction to | practice, correspond to the invention broadly disclosed and claimed in the 
above-identii ied patent application. 

Furth ;r deponents saith not. 



1 



04/10 04 MON 16:58 FAX 353 61 302117 ANALOG DESIGN @]003 





Dennis A. D. mpsey ^Thomas G. OT)wy< 

/ 



Oliver J. Bre man Alan Walsh 



Tudor Vinen anu 



Witness _l 2^ cO ^/UjzI 
Sigr ature 

Print Name _ AnJ*J Q'/$K$e*j 

Date 



Witness 



Signature 
Print Name 

Date m//c/'o^. 



2 




Appendix No. 1: 

Engineering Notebook No. 4761, pp.1 1-14 
Dennis A. Dempsey 
October 10, 1997. 



CONFIDENTIAL - FOR ADI INTERNAL USE ONLY 
ATTORNEY-CLIENT CONFIDENCES APPLY 



Page 5 



0 Oct V 3> fit C«ju br ub co 
"To.. ^ouv.(Kf^t... ttjuyi' c^L . .... !^ww.4\<r I dkxu.sjcj^ ^ 

C. ia\> b. r cyb .©o 



o. ixm^I Sifi,. jai. . ... 



Ku> been vAd^«L \pj . 0^*3 yt<L/J, ^ £<*U.tr 

ctW .A*pt*A.. VoV_-_wy?. 

jTcL. \ 4i^vU .1£.. T ^-TVP^fyU*^ - «Xl itf&.3*>£fcp fcdUc p.O.\'\fei Q^.-JT^fi^— 

^A.cbftx O^VAJt. . "fKi* f^cbo% K^J KHam^ for/r\s cit- 

fo iiibU. * ^. p_U .TVA<vt c^".cr\ ScrrojL . rt\o>-t M ffi c^lt. .. . Cc***^.* .... **4.Ja.t.~ 

.Vik^\r. . .(O-^^.. uw. 7T fc^tLu>£.„ c^fc uW^yx^^. Uu^i 



r . ~_ - w -^ r r „ 

.Qb.twi ^<>->cti trvi ..c(u be yac*. _.<AAijtr^<*iiv«t^ b^fc fcx- 



^S»d> rcv^y- ... 



V . UNUte_„DA:C 



tutU- 



1 

» 




1 






> 


1 \ 


\ ■ 



OaA 0A^«_..b!*. CM.f/f.C|.«gJU.... ^ A^*^. „ 



•V^ALUO una I \J > 
..... t7~y*axs*. 




(j) Co ^ct oJU. ( fr\c^2 

u *• * 




10 Ott 



lyW W "5) AC S^noJL f**tV 

fc> ... be ck<w\ 



v»-»^ — w ' — y - J # 

O^Zr^kor *\c^ .... be n^^-op^^cX. <^ IXiY.. .of£ro^' 

Vu^ch^ fNcu. rcq^e fc> ... be Ck^y^ ^ ^ A^u, 



r.c^Cx»\ CovvLcL . u^<L ... . 




Cu^%/^ .... A 



» 



,Omjs 



f^Pv^Mc ^° - - - ~ — . - — w i — 

>r^cb't^ r^ifvti ^ -eft*) ^ fsol cotv^ M^tro^ 

a*e£i-... \rw t^ck otkar eXaxfcL^. 



~^ — 



U> ' 

^L4£ 



/ - - 



K 




V* Oct ^ fy. (/O 



f-l r /l, r fl 5 ^ ..„Q,'.lA4.X. ... & ,./***<*-J Z" 1 ^- -/^JtcfcJ 

.... (j^ k>'m -icbiJ- - - — 



._.i_..._"rii.i.'t t c"^vr ^ - 



Appendix No. 2: 

Engineering Notebook No. 4761 , pp.24-27 
Dennis A. Dempsey 
April 1 -2 1 999 



Page 6 

CONFIDENTIAL - FOR ADI INTERNAL USE ONLY 
ATTORNEY-CLIENT CONFIDENCES APPLY 



•Jf Cp*&<- fOP"* .b«UL_ iit/X COt »*c**. fv* tk«g^ 



irt< 



±_ 



HS^-mVtt. 



I . . 

-vv*X Ss)co,_ Sjbj^ ^ A C_ _ fi^U_ Iti*^ 



frAj tS4- fcui*_ JL^n £6**3 <^Xfj Jtf€r*M.*- 

& SUiic CcJUJbu:^._ - - 

k /T?vjfKfc#*%^ Cftdst' Jk*. 

(!) fcc^Jk-^^^^ ... - - 

Ore „.Jb*c** (vn> uL^iVc^A bfe . coiv r>v<^ _ef-_ 

ItcloA^ ...Js. correct, far trKjLi£. r^-icU^Xibyi 

£ £ .__.fcccK*>I^tt*S.„. W _.cUtfseu^ ft C^fefiJlJfcJ 

b\fc&:.- CI ^Sf:_t* kjlu4^ . tb WsoAmI^ V*U aJLV<£i_ fs- 

pa^Jl^^A. fKaeUU^^. 

l^Uusuc,... . J^.UrftVcJt „._^fcx..Ai ^ Cco> ^± UXaA. ..as. 0**, 

JtLjc^.^juj__ iALAii^fci- bi*._J U. fiJLfe^KcJLj a . - 

*> few. tfkkjk/yrJL 6x&\*> .ftSli&i 

ICRU^A^ 



_A(t *_OVo<IkLa&£4- j-WWfea bwC CM_ilt<J*<_ *± (j^A&i-** ; — 



' 7 -t 27 *M 5 ■ c «£d Tp«.*itf> 1>o*p 54-, 



I jft^L'^ i; -i- - •- 



VvoVdU fcU'i collw iLbj \*«-u< n .( ^- A^ul-X- _. .{^- •— 

(lOAV^rW^- dta-SinM . ..KoLl/ft-- (uaU*^ ^%^;e > <*.c A: - 

cU-.krcJLeJL [of^c^OL (&>A. __o-<^.. ,<Ljccfct^ - 

KNtckttiXJ P> Sc^CJk CO. •k_P»Y t ^ t *^-- C ^^9 e -/ 

^jc^e^^-.-^*^-^-.* 1 ^'^ — i-nlk.- - — - - 



3>c 



1 RfeJiifl" _ ■"- G^brJ*.* T__AC_. - - 

Z^k^S !~T_i 5 u_C_. iusi, i_aSr. *ccfc^a(i- 

si;W<L kjLdtyUi-i _*j_tat^.-AUi_<*_ W_._e^U«c._./^fc^ 

o4= liaA^_v^Ur____fc-A. . -0UlcAi.k_ J|w^^JL-m f i,--.:JtoK.^.-.tJ 

cl.__ifes.f3 _4*__-t_- _*UoJL _lk . ___ no.t «.M* .±h*£ 

<L>_*>uva*A .JU_e._*»^ Uan*_i_Ci_fe*- K__cV*._u.r__ — m__- ^ 

l..J_\«t- -StUttjL W -V fA/UcU'r... bf^;_ f|**cfc*__ Jck 

l^^\^r±Z^Z--^. Jam._ 7 _;n-_ft^ci,c_^_a Cb^__^ 

\^ U3-.4. _. V dUftere^r .4MJ»U.m-JL^w. __< ____ __<c .... 

co«\|y««...bW . o^!Kfl^ JoUjoa... - — — — 



<W - SJJiy*, -£a*_-t. (pwj.uS c^v>r6-t» .c- 

\AJberpoVJkiav - Gr_ foi^ corrected . c ulCV *> 

Vitltll. ^ exr^tfiO^ km*_...I!^H«_4o^. : 

c^bc.-. . ui__ <Ov ...... eUckr« ^ c_._c» ^ t-*C_s o-^A s»£*.ms~ 

„kt**i).. .... _<t. -Un-_. \V:3<Xj-. b>. «^AtJ:i fr _..^. ..w*-- 



PjdUt. _.«_.„ _....{_*>^ ^ _iV W__ 0_^ o ^*rs jl/ovUui - 

SuJtKtti*-^ fc_s.s [___*, J~ft_t_**b-_ _»Cca*a.__ J<xCv«- «! *«c_ 

Cv- Vc ck__*-„ [fal^-pr* meter) M. fe^J^-i' H?- 

. V- *v*c _ \x>K*-k«oer V>«-s<* _f)_-tJfe> - k_jrk«. j*<-f--J_ «_ 3e-~x- 

Q uco^ ... dUs_* a*_Ar*ei_<> -s|bc. ... o~ — iu_ vu^y — _a_U - - 

.... rcife W*. (. tivii-«L_ eUsiy* .^-^^ — — bu* _l_uvr» s< oft _ 

^_r. dUU *--_A-- _^__.o_h_C .. J*f. jkx.PCA.ck_t. — cU/u*dU ^ *<>— J--*- 

_._^J^_Aoic_ U^aH re* < A__ _b>«_ eU«i£___*(A. .. Jfc.ffcd: 

_._„_* j^._mI__>h^.J_W i»— * W^J_v^.^ciU_^..-b^-*A 

_ _«_.__.b*_ ...Scc.fc__eV — hs_____u.___ r __._> J**— -c*MtxA .._ 

_ \v J0_c CfJU k __&**. - Sy* t kCJil- u ._ .Mit\uL for 

OfWircJb*-. r MMt- A_3i^_i. ^•r i_*t*r co»vitrc_;* tj, ^ 

_ <Af \v__ ^_stb_v> .vvUc\v.t<_. — 



^ . — IN . A*** 



Appendix No. 3 

Engineering Notebook No. 5849, pp.1 -8 
Oliver J. Brennan 
March 14, 2001. 

Note: Diagram on p8, signed & dated 16/2/'00 



CONFIDENTIAL - FOR ADI INTERNAL USE ONLY 
ATTORNEY-CLIENT CONFIDENCES APPLY 



Page 7 



18/09 "02 WKD 11:57 FAX 353 61 302117 



ANALOG DESIGN 



(23002 



CX-U*?^ . 0**^ <~. <foC<^ C<^f} ctffecX 

co-tfj^uda tj^.. W. : .r^i^rCU;^... : 




(a^)Jj^ J 





— i 





— ^ 







■— : /*7^ , loot 



18/09 2002 WED 11:32 [TI/RI NO 5510] (2)002 



l»/i>y (32 YYfcD 11:58 hAA 353 «1 302117 



ANALOG DESIGN 



@003 



sVc^rv^lcwrci pix^K^ 1 - ..>6> rc ^ ry ^g^ J&r*' &<*JftsJ' s^t*^ 

So c c^rv^^^°^ n>uiiitXfO? 




S&o Code £r<~*^ c^i^J Afc*-ri_.. I*** 



6* 




6* -<s* 

<& unM Alt PZU 4 Ae**Cr* 



:«*>ug u«. "ilu ±0.00 r.-\A 000 01 ou-ii < 
ltf/0» VZ tffcD 11:59 KAA 353 CI 302117 



A.* ALUS* !>£.:> 1U.> 

ANALOG DESIGN 



Oct- 3.3^*1 



@004 



* a 



a/k- oAxrc je*v<, a^xos <?M>pcA^ y*^y- 



f j. 4 os 3 1:? ; PA<- Ct^™* '.. 



J5e 




d~ 1 ^Ij. Sl^^ pcJki JUAzJ^J ^ M^JL -fe'vfc ^ly^> 

^ilXfa. l/oU>^ ^ m^Ao opr. OP.\ .... 



18/uy OZ mil) 12:00 *AA 353 61 302117 ANALOG DESIGN ©003 

S^»p^ DA<- , 

3« A cU^< St -ff^ -^^ j /V€T A^53^^ .faok-e^ 

. invert i^jrtcv^^ r^c^rct Af. Cv&-£«. . /fe> C*»r-* 



ita cUp&Aj cutfurfi JM* .. trtvufa sfu^J^ . 

b> dXc^r^eM. ofhdr Zrrar j Zs-nsr cc^d jLu^yi^ 




<V» * pOZ*l-LU* O^^f OvUSV) C . 



_^ - --- /^g^ 3, 

18/09 2002 flED 11:52 ITX/RX NO 5510nSo05 



la/oy oz *tu 12:01 KAA 353 bi 302117 



ANALOG DESIGN 



@}006 



Vec%J&>l 



^4 




3<v Xt^- Cuta* ...>.*^wrp^ ttt — -r. - „ cj 



J8/09 2002 WED 11:52 [TX/RX NO 55101 8)006 



U2 ntu 12:04 KAA 353 61 302117 



ANALOG DESIGN 



(2)009 



■ ■ 1.1 



- -f-. 




for - 








&< _ 





/5) r-\ ]p> / 


... A 




^-l-iF 














-~ 







; 

■i . . . 



I DATS- 



18/09 2002 WED 11:52 [TX/RX NO 5510] ©009 



f^u 10.^ rA.v JOJ di ^u^ii/ A.NALUG DESIGN @02S 



Appendix No. 6 

Section 3.9 of the AD5379 Design Document 
of Tudor Vinereanu. 

This section also contains information not 
relevant to the submission, as multiple 
functions are amalgamated in the design, as 
part of the optimization. 
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3.9. State Machine and Calibration Engine 

l"he state machine and the calibration engine are fully synchronous blocks, running with the 
same clock. They are treated separately during synthesis and place&route, due to need of tighter 
control over the timing, testability issues (scan test) and clock tree insertion. 

A block diagram is shown below. 
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Block diagram of state machine +■ calibration engine 
The state macluue is used to do the following main tusks: 

- initialize die part after power-up, after a RESET command or a hard RESET 

- conunand decoding in user mode 

- command decoding in test mode, including the test commands 

- coutrol the increment/deerenient function for x 1 

- control the calculation of x2 

- start the calibration engine and schedule die codes for calibration 

Titer calibration engine receives die x2 code as an input, calibrates it and outputs the x3 which 
is then written to die respective DAC. 

The odier two blocks in die figure are implementing uridimetic functions. 
3.9.1. Increment/Decrement xl 

This blocks implements die increment/decrement function by using an adder. The operation is: 

xljncdecr 13:01 = x If 13:0] + offset[7:0] 
xl and xljncdec are unsigned numbers, and offset is signed represented in 2's complement. 
A DesignWare adder is instantiated for the operation: 

wire [13:0] xljncdec; 
wire xljncdcc.sign; 

x I d SeSr rl< inSI - A({ , b0 ' Xl - rCS,) - • mS ' l - DU (7{or " fiet - re sr 7 J». offs«_reg}>. .SUMJiuKlxljBcdec.sign. 
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Underflow/overflow are not allowed for the result, so 2 flags are used to detect these exceptions: 

wire xl_uf; 
wire xljof; 

assign x l_ui = x Linafcc_sign & oflsd j*g[7J; 
assign x i.oi = x l_inedcc_sign & (M>ffset_reg(7]); 

*/ clamps a zero scale/full scale in case of an underflow or overflow respectively, 
3.9.2. State Machine 

Tiiis block is a Mealy state machine with 81 states binary coded usint' a 10-bit state register 
Even though the 81 states could be coded using only 7 bits, the idea was to use a pseudo-one 
hot state encoding to speed up state decoding logic, winch was a speed bottleneck. It is probable 
that now there is no need for this anymore, but it was easier to leave die state encodings as they 
arc, with a possible overhead of 3 flip-Hops. 

Due to the complexity of die state machine, it will not be detailed here. Only the main issues 
will be presented. 

3.9.2.1. Initialization Sequence 

The state machine executes the initialization sequence iu any of die following situations: 

- after power-up 

- after a hard RESET 

- after a soft RESET command 

The sequence of operations during initialization is the following: 

1. - read default value for m register from EEPROM (2 MSBs ignored in die EEPROM 

word) 

-> 1 EEPROM read 

2. - read default value for c register from EEPROM (2 MSBs ienored in the EEPROM 

word) 

-> 1 EEPROM read 

3. - read default value for xl register from EEPROM (2 MSBs ignored in the EEPROM 

word) 

-> 1 EEPROM read 

4. - write the FIFO SRAM ( 128 words) widi the pattern 000000 (increment with step 0, is 

equivalent with 'no operation'). This is in case the read pointer in the FIFO doesn't 
advance in time due to synchonization issues between the clock domains 
-> 128 writes to FIFO SRAM port 1 

- write the default m to locations 0-63 in the user SRAM 

-> 64 writes to user SRAM port 1 

- write the default c to locations 64-127 in the user SRAM 

-> 64 writes to user SRAM port 1 
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5. - write the default xi to locations 128-167 in the user SRAM, calibrate the initial codes 

for the DACs and write them to the DACs 
-> 40 writes to user SRAM port 1 
-> 40 reads from user SRAM port 1 
-> 40 reads from user SRAM pon 2 
-> 80 reads from the EEPROM 

6. • read EEPROM options and update relevant registers 

-> 2 EEPROM reads 

The dock trimming bits are double buffered, so the signals going to the clock generator are up- 
dated only after the initialization sequence finishes (the clock generator is disabled) 

During initialization, the EEPROM options have their default values (specified in the EEPROM 
options section). They are only modified in the end of the initialization sequence (step 6). 

The number of clock cycles required for an EEPROM mad ("<eo read elk count» is read in 
the second EEPROM read of step 6. Because no other EEPROM read occurs afterwards (before 
the imuahzauon sequence finishes), reading a random value after the first power-up should not 
affect the EEPROM read counter. 



3.9.2.2. State Diagram 



A amplified state diagram is shown in the figure below. The state macliine makes distinction 
between rest mode and user mode, decoding and execution of test commands being separate. 

mode hTtL S y T* 1 1* rcSPCCt l ° ^ m0dCS: U 15 P° Ssiblc to USC «K> in tcst 
mode, but tins was not shown to keep the figure simple. 

Also there is a difference between FIFO enabled mode and FIFO disabled mode. If the FIFO 

\ecut l SSSr? !S r FIF0 ^ ^W). then continue with decoding and 

""7; If FIF0 l j dlsabled - *« « no need for synchronization, but also, reading and de- 

risfng'edt ofZTl T ^f°r d in SamC Step - PrJCtiCall - V - *** is done ^ ** first 

Sv^o X f : * ,C SWtC mad,U,C iS Waidng " and Whe » dle ed ^ *»««. "jumps 
directly to the first execution state. 



@032 




ANALOG 
DEVICES 



AD5379 Digital Design Review 
Proprietary Information 
Tudor Vinereanu 18 September 2002 



Paac 52 of 80 



( Synchronize RFC flaj) 



1 



I 



{ Decode uw coram an c 




- _Y« 





No 


3Uad ujer command 


Hrrodr iiv 






; r 

v ^ccjc&tcfl command J 
C Exces s teg ccx^and') 



-{pliable co A gengoter ; 



State diagram 

The reason to do this was to minimize as much as possible the execution time for a command. 
Working with the FIFO enabled means there is a big overhead due to synchronization between 
clock domains, so it is only efficient if the user writes a number of commands at full interface 
speed. Otherwise, if the preferred way is to write one command at a rime, execution time for a 
single command is emphasized 



The next figure provides an example of how diis works. The top waveform shows the case when 
the FIFO is enable. First, 3 clkjyop pulses are generated to synchronize the FIFO, then a fourth 
pulse reads the command from the SRAM, commandjreg is updated with the new command, 
which is decoded during the next clock cycle. This causes the user SRAM addresses to be cal- 
culated (user_sram_addr and user_sramj?2_addr), which represents the first step in the exe- 
cution of the command. 



The bottom figure shows the case when the FIFO is disabled, command jreg and user SRAM 
addresses are updated at the same dme, on the first rising edge of the clock. This shows that the 
execution of die command starts straight away from the first clock pulse. 
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Command decoding with FIFO disabled 



3.9.2.3. User Command Execution 

The soft RESET command resets die logic by starting die state machine from the RESET state 
(synchronous reset) and generating an asynchronous reset signal for the rest of digital logic. The 
clock generator is enabled all die rime, since die state machine is working. 

The write commands to the registers and increment/decrement function have three options, as 
seen in the datasheet: 

- write/increment/decrement one channel 

- write/increment/decrement multiple channels (2, 3 or 4) 

- write/increment/decrement all 40 channels 

Increment/decrement applies only to xl registers, while the write commands apply to m. rorxL 
according to the status of REG I and REG0. 

All the commands require the rcsulung code to be calibrated. 

All these commands are implemented based on the write command for one channel. Therefore, 
tins command will be detailed first, and then it will be shown how die odiers call this command 
to execute. All the explanations and examples will be given for the situation when FIFO is dis- 
abled, due to simplicity. If die FIFO is enabled, the execution stays the same, only the overhead 
for flag synchronization is added. 
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The state diagram for writing one m register is shown. The first tiling 
to do is the read the values of the other 2 registers (c and xl) needed 
to calculate x2. Their addresses are calculated in parallel and they are 
read in parallel from the user SRAM (port 1 and port 2). x2 is calcu- 
lated during 2 clock cycles (as explained later in section 3.8.5), and 
while diis is done, die value of xl is written to die user SRAM. Then 
the value of x2 is passed to the calibration engine and the state ma- 
chine waits until the calibration is complete to disable die clock gen- 
erator and go back to sleep mode. 

After x2 has been passed to die calibration engine, the state machine 
may do something else. This is not relevant with respect to die com- 
mand ro write one register, but makes sense in case a write multiple/ 
all 40 channels command is executed or if the FIFO is enabled. In the 
latter situation, die state machine may read, decode and start the exe- 
cution of die next command in die FIFO, or synchronize the flags. 

Writing one c or xl register is similar: 

- write one c register: 

- read m register from user SRAM port 1 

- read xl register from user SRAM port 2 

- write c register to user SRAM port 1 

- write one xl register 

- read m register from user SRAM port 1 

- read c register from user SRAM port 2 

- write xl register to user SRAM port 1 

The steps taken to execute a "write one channel" command are enumerated below (each step 
takes one clock cycle): 

****** Calculation of x2 = (m+ 1) * xl + c ****** 

1. - read command from die interface 

- calculate addresses in user SRAM. In the next step, die remaining 2 operands 

needed for calculating x2 will be fetched from memory. 

2. - apply a clock pulse on both ports of user SRAM 
3-4. - read the values from both SRAM ports 

- perform the operatiou x2 = (m + 1) * xl + c 

- write to user SRAM as requested by the original command 
****** Calculation of DAC code (x3) ****** 

5-8. - read EEPROM word 0 (assuming 4 clock cycles for EEPROM read) 
9-12.- read EEPROM word 1 

- perform partial calculations 
13-14.- finish calculating x3 

15. - generate DAC clock pulse 

A special mention has to be made about the c register. Its value is a signed number, which could 
be written to the interface in Advantest format or 2's complement, depending on the status of 
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eo_offsetjormat % but internally it is stored as a 2's complement number. It co_offset Jormat= I , 
die format is 2's complement, so the value is written in die user SRAM as it is. However, is 
eoj)ffsetJonnat=G % the format if Advantest format, and the number is convened to 2's com- 
plement prior to writing to die SRAM. For this, only the sign bit has to be inverted: 

c„reg <= {command^reg[13I - A eo.offset.furmai. command_reg[12:0J}; 

The example below shows die execution of command A7..0= 1000000, REG1=1, RHG0=1, 
DB13..0=10101010I01010, which means write 2AAA to the xl register, DAC 0. First, the m 
and r registers values are read from die dual-port SRAM (from addresses 0x00 and 0x40 respec- 
tively). Then, while x2 is calculated, the xl register is written in the SRAM (address 0x80, port 
1). user_sram_rwb is low during the write. When x2 is available, the state machine checks the 
status of cal^ready. cal_ready=L so the calibration engine is waiting for a new x2 code. 
start_ral= 1 showing that the x2 is valid and can be read, which causes the value of x2 to be read 
and subsequently cal_ready goes low and caljnisyb goes high. The meaning of these signals 
will be explained in section 3.8.5. The state machine waits until caljbusyh goes high again to 
finish the execution by turning off the clock. 



laLw!ock_ia'di';ftaI_blcc}vsm_ =al/c k 
itaj >ock/sn_cai/d3tajc_srnf23 0] 
leck.'in cii/sm/coii mard_i*gf23 0] 
ib/dr;iiaLUockAjs«y_sram/addr(7 0j 
bicck_:b/d:; ta» j>ocVAisar_3arn/ck 
lp/digiial^b<oc*c/user.S'am/djn[l3 C] 
bA!tcrtv_:;;o:<;u3er_srajTVdouiri3 {J 
lockjb/3 fjita _b<ocK/u&w_srajT/rYMD 
i cr.al.blc '> iu%& _v 3m/-?_addr[7 0J 
'-. J c/di git aLolock/use r _s *anVp2_dlc 
•5ifaJ_Wock.ts»f_»arrvp2^docil(n 0J 
. tb/d iqitaJ .block/User _ r am/c2_rwb 
k jo>d» git a L^ock/sm_cal/c al_ r «ady 
ckwtb/d:; tal_o ock/sm_ca!/sin_cai 
'ock/s^cal/caiiDfanca'xS.ieg;! 5 0] 
.s!ockrsn_caL'calibf8(icr/r.3j_busyb 
cckjbVc:giia!_Dlock,CAC_data[V3 0J 
g itaJ _ block, t =/d igu block /OAC.dK 
:al_biock^b»'C!gita : - o'OCkA>o?/ - cj!b 



13 *6.aS(35E*:5 p5r«CS I3.S1 E«E OSI 6»0S|3S2e»flEJ3S?g.(Bj* SS£-CS|2S3*»0Sll54£^Si3SI£«5|3S5E^5f35J 
I i I I i I : t I i i i i I i i i fiM: I i ' I I i < i i I i i i i I i i i i !: i i i i i i c t i i i i [ i i i i | 

JiruuiJUUiRnnnnnnn 



| |t(fcAM~ 



XX 
XX 



JljI 



J3F«| 



IT 



J~L_. 



J 



Write xl register (one channel) without FIFO 



AD5379 Digital Design Review 
Proprietary Information 
Tudor Vinereanu 18 September 2002 



As previously stated, write multiple/all 40 channels commands use the "write one channel" 
command during execution. The multiple channel commands use the address lines A7..A4 to 
specify the groups to which diey apply. The sequence will be shown for a command widi 
A7..A4=1 1 1 L all die others being easy to derive from diat. 

■ read write one register command with A7..A4=1 1 1 1 

- store_groups = A7..A4 (save for future reference) 

- write A7.. A4 = 0001 to command_reg. so a "write one register from group 1" command 

will be executed 

- inspect store_groups to see if the execution is finished -> it's not 

- write A7.. A4 = 0010 to command_reg t so a "write one register from group 2" command 

will be executed 

- inspect store_groups to sec if the execution is finished -> it's not 

- write A7.. A4 = 01 00 to command_reg, so a "write one register from group 3" command 

will be executed 

- inspect store_groups to see if die execution is finished -> it's not 

- write A7.. A4 = 1 000 to command_reg, so a "write one register from group 4" command 

will be executed 

- inspect store_groups to see if the execution is finished -> it is 

- finish execution 

An example is provided in the figure below. It is easy to see how the original command, widi 
A7.. A4=0xF, is executed as 4 distinct commands with A7..A4=0xl, 0x2, 0x4 and 0x8 respec- 
tively. Also, the rime to change command jre$ from the first command to die second is less than 
die time required to change to die third or fourth command. This is because die state inucliiue 
passes the first x2 (from the command OxlObAAA) to the calibration engine and jumps to exe- 
cuting die next command 0x20EAAA. When die second x2 is ready, it check the status of 
eal_ready t but diis is low, so it has to wait until cul_ready=l. 
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If the command requires to write all 40 channels, then a similar approach as with multiple chan- 
nels was adopted This time, the "write all 40 channels" command is split into 10 "write 4 
groups" commands, widi A3..0 ranging from 0000 to 1 00 1. 

An incremeut/decremeut command is executed following these steps: 

- read xl from user SRAM 

- increment/decrement xl 

- execute a "write one xl register command", with the value of xl being die incremented/ 

decremented one 



The same comment applies for tile increment/decrement step as for die the c register: it may be 
written in Ad van test format, but internally it has to be represent as a 2's complement number: 

if (conimand_reg[SJ) 

offsei.nsg <= {1'bO, command_reg[6:l], l'bO); 
else begin 

offset_reg[7: l] <= ~((conmand_reg[S], command_reg[6: i])) + 1; 
ofrsel_reg[0) <= 1'bO; 
end 



This is exemplified in the figure for an increment command. The first 4 clock cycles are dedi- 
cated to read the value of xl from user SRAM (port 1), do die increment required, then assemble 
the "write one xl register" command and write it to command jre$. The addresses'for m and c 
registers in user SRAM are ready after die 5th clock cycles, and from then on the same steps as 
for writing the xl with the incremented value (0x202 A as opposed to the original 0x2000). 
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increment/decrement xl register (one channel) without FIFO 
Some evaluation results regarding execution times for commands are presented in the following 
table. The timing is expressed in clock cycles and represents the number of clocks required for 
the BUSY signal to go high (inactive) again. However, in a reaJ situation, there arc a number of 
other delays how contribute to the BUSY low time: delays through the input pad ring, delays 
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through internal logic, powerup delay for the clock generator, output delay through the BUSY 
pad. 

An assumption was made that 4 clocks are needed per EEPROM read, which is the figure ex- 
pected based on experiments and an internal clock speed of 20ns. This parameter affects the to- 
tal execution time by adding roughly 2 clocks per command for each additional clock cycle 
needed to read the EEPROM. 



Command 


Execution time [clocks] 


FIFO enabled 


FIFO disable 


write one channel 


I 33 


15 


write iwo channels 


44 


26 


write three channels 


53 


35 


write four channels 


62 


44 


write all 40 channels 


338 


370 


increment/decrement one channel 


37 


19 


increment/decrement two channels 


57 


39 


increment/decrement three channels 


75 


57 


increment/decrement tour channels 


93 


75 


incremeni/decrement all 40 channels 


743 


725 


10 * write one channel 


114 


150* 


50 * write one channel 


474 


750* 


100 • write one channel 


924 


1500' 


10 * increment/decrement one channel 


226 


190* 


50 * increment/decrement one channel 


1066 


950* 


100 + incremcnt/decTement one channel 


2116 


1900* 


10 * write four channels 


395 


440* 


50 * write four channels 


1845 


2200' 


100 * write four channels 


3725 


4400* 


- tiii s is an estimation based on no. of commands * clocks required for a single command to execute 
without FIFO. In reality, this time is bigger due to internal delays (e.g. padring) and datasheet specs 



The above execution times for write commands with FIFO disabled, could be expressed as func- 
tion of the number of clocks required for an EEPROM read: 



N LnojFlFO = 2 * (eo_rcadjclkjcount + I) + 7 
N 2.no_FIFO = 4 * (eojreadjclkjcount + 1) + 10 
N 3.nojFlFO = 6 * {eojreadjr.lkjr.ount + 1) + 1 1 
N 4no_FiFO = 8 * (eo_readjclk_count + 1) + 12 
N 4 o. no FIFO — 80 * (eo_read_clkj:ount + 1) + 50 



where Nj ^pjyo is the number of clocks required to execute a write command to i channels. 
eo_readjclk_count is the value programmed in the EEPROM. 
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Similarly, in case of write commands with FIFO enabled, the expression becomes: 

N i.FlFO = N i.no_FlFO + 1 8 

To compare the results with the datasheet specs for BUSY low time, a clock period of 20ns, 
which is the target operating frequency, has been assumed. However, as previously mentioned, 
there are some odier delays added to the right column figures. 



Command 


BUSY low time 


Datasheet 


Implementation 


write one channel 


400ns 


300ns 


write two channels 


750ns 


520us 


write three channels 


1100ns 


700ns 


write four channels 


1450ns 


880ds 


write all 40 channels 


14050ns 


7400ns 
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3.9.3. Calibration Engine 
3.9.3.1. Calibration Algorithm 

The steps of the calibration algorithm are as follows: 

1. x2 = (m+l)*xl + c 

2. e = x2(LSBs) + start 

3. if e < 0: dy = e * ( 128 LSBs + ml )/( 128 LSBs) 
if e >= 0: dy = e * (128 LSBs + m2)/(!28 LSBs) 

4. x3 = offset + dy 



where start, offset, ml and nil are calibration coeficients, read from the EEPROM The format 
and range of the coeficients is: 

- srart(8:0j - 2*s complement, 0.5 LSB precision (range - 1 28 LSBs to 127 LSBs) 

- offsct[6:0] - unsigned, 1 LSB precision (range 0 to 127) 

- ml [7:0) - 2's complement, 0.25 LSB precision (range -32 LSBs to 31 LSBs) 

- m2[7:0j - 2's complement, 0.25 LSB precision (range -32 LSBs to 31 LSBs) 

They are stored in 2 16- bit words in the EEPROM: 
word 0: start[8:0I, offset[6}, ml [2:01, m2[2:0[ 
word 1: offset[5:0J, ml(7:3[, m2[7:3J 

Tliis split of coeficients between the 2 words, especially in case of ml and m2, has been done 
to reduce the arithmetic required per clock cycle, as will be detailed later. 

Each DAC needs 128 sets of coeficients in die EEPROVI, which means 256 16-bit words. The 
total memory required is 40 * 256 * 16b= I OK * 16b. which is the size of die EEPROM coefi- 
cients memory. 

To address the coeficieuts memory, eeprom_selectjcoef=-\ and the address is assembled from 
the DAC address and the MSBs of x2: 



DAC address 


x2(15:9] (MSBs) 


Oor i 


u | i li | ill | v j a 


< 1 O , J | - | , | I | j 





The LSB (bit 0) is 0 for the EEPROM word 0 and 1 for EEPROM word 1 . 

hi the implementation a quarter LSB precision has been used. Hie implementation details of 
arithmetic operations are detailed in the following. Because the EEPROM reads are needed 
right in the middle of the the calibration steps, the arithmetic has been implemented through 
Design Ware component instantiation for a better scheduling of operations. Also, some opera- 
tions cannot be inferred, for example multiplication of 2's complement numbers. 

1. x2 = (m+l)*xl + c 



x2[ 15:01 = round((m[ 13:01 + 1) * xl[l3:0] + c[13:0]) 



t .t_t O O O OX «JU_AAi 
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m and xl ore unsigned numbers, and c is signed represented in 2's complement foraiat. The re- 
sult is an unsigned number. 

This is done in module <caleulate_x2> and is strictly not part of the calibration engine. 

The first operation is ml 13:0] + L If m is full scale, the result overflows, so the half LSB of m 
is discarded and die increment is done as m_inc[ 13:0] = m[l3:l] + I 

The result has now a precision of 1 LSB. In Verilog, die DesignWare component instantiation 
looks like tliis: 

wire [13:0] m_inc_wirc; 

inci incl(.inst_A({ i'bO, m_rcg[13:l]}), .SUMjnst(mjnc_\vire)K 

For die multiplication, a 2-stage pipelined multiplier (unsigned) has been used. This is because 
it was impossible to fit all die operations (increment, multiplication, addition) in one clock cy- 
cle. 

wire [27:0] m_xl_wire; 

multl multl(.insi_A(m_inc_wire), .insi_B(x \jt%\ .insi_CLK(clk.), PRODUCT_inst(m_xl_wire)); 

Only the MSBs of the product are kept for addition with c, which is padded right with 0's to 
match the precision of the other operand. A sign position is added to bodi operands. 

wire x2_sign; 

wire |15:0| x2_wire; •. 

adder2 adder 2(.insi_A({ I'bO, m_x1_wire[26:l I]}), insi_B({e_reg| 13]. c_rc», TbO, m_xLwire[10])), 
SUMJnst({x2.sign, x2_wire[15:0J))); 

tn_xl_wirejl0J is included in the second operand because of the requirement to round x2: 

round({l'bO, m_xi_wirel26:10J} + (c_rcgU3], c_rcg, 3'bOOO}) 
{rb0,tn_xl_wire[26:ll]} + {c_reg[13], c_reg, 2'b66} + m_xl_wire[l0] 
{rb0,m_xl_wire[26:llj}) + {c_regl 13], e_reg, rbO. m_xl_wireri0]} 

x2 could uuderflow/overflow, in which case it has to clamp at zero scale or full scale respective- 
ly, so there are flags to detect rJiis: 

wire x2_uf; 
wire x2_of; 

assign x2_uf = x2_sign 6c c_reg[13]; 
assign x2_of = x2_sign & (-c_reg[13]): 

2. e = x2(LSBs> + start 

e[10:0]=x2[8:O| + start[8:O] 
start is a signed number, and x2 and unsigned number. The result is signed. 
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Both x2 and .warr are extended left with an extra sign position, because the range of the result is 
wider than the operands (overflow is allowed), start is padded right with a 0 to match the pre- 
cision of x2. 



eriO.OJ = {2'bOO. x2_regf8:0|} + {start_reg|8|, start_reg(8:0|. 1'bO) 

= { {2'bOO. x2_reg[8:l] ) + fstart_reg(8]. start_reg[8:0]}, x2_reg[0] } 

DesignWare component instantiation looks like this: 
wire 1 10:0] e_wire; 

adder? adder7(.insi_A((2b00, x2_regf8: 1]}), .inst_B({start_reg[8]. start_regf8:0]}). .SUM_inst(e_wire[10:l])); 
assign e_wire[0| = x2_rej:l0]; 

3. ife<0: dy = e*(128LSBs + ml)/(128LSBs) 
if e >= 0: dy = e * ( 128 LSBs + ui2)/( 128 LSBs) 

dy[10:0] = e[10:0] * (512 + m[7:0|) /512 

(assuming m is eidier ml or ml depending on the sign of e) 

e, m and dy are signed numbers. 512 in straight binary means 128 LSBs represented with a pre- 
cision of 0.25 LSBs, same as m. 

Tliis operation has been transformed to speed up the multiplication: 

dy[ 10:01 = ef 10:0] * (512 + mr7:01) /512 = 
= e|10:0] * (10'b 1000000000+ {mf7:31, 3'b000} a + {2'bOO, ml2:0] ) h ) 1 5 12 = 
= {efl0:01. 9'b000000000} + |e[10:0] * m[7:3], 3'bOOO} + {e| 10:0| * m[2:0] } = 
= ({ef 10:01. 9'bOOOOOOOOO} + ellO.O] * ml2:01) + {el 10:0] • ml7:3J, 3'bOOO] 

First step: {e[ 10:01, 9*b000000000} + (e[10:0] * m[2:0j } = 

= {ellO:0J, 9 - bO000000O0} + e_m_lsb_temp[ 13:0] = 
= {e[10:0] + e_m_lsb_temp[13:9],e_m lsb_temp[8:0]} = 
= e_ra_lsbll9:0f ,d 

Second step: {el 10:0] * m[7:31. 3'b000) = 
= e_m_msb[18:0] d 

Final result: dy[ 10:0] = e[ 10:0] * (512 + m[7:0]) /512 = 
= (e_m_lsb[19:0] + e_m_msb(l8:0]) [I8:9] e 

Notes: 

a - *000' to keep the precision and magnitude of m MSBs 

b - '0" in front of m(2:0) is the sign of the m LSBs: {ml7:3J, 000} + {0, ral2:0J } = m{7:0J. A 
second 0 is added to use the same multiplier for el 10:0] * m[7:3] and ef 10:01 * m[2:01 (11*5 
2*s complement multiplier) 
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c - ejnjsb has been extended with one binary position on the left to account for possible un- 
derflows/overflows iu the partial sum (these underflows/overflows would disappear ouce the 
MSB part of the result has been added) 

d - the last 3 bits can be discarded in ejnjsb because Uiey add with 3'bOOO of e^mjnsb and in 
the final result they are lost due to division by 512 

c - bits 8:0 are discarded due to division by 512, and bit 19 has only been used to extend preci- 
sion for partial result, and is obsolete now 

Both multiplications are done using die same multiplier (5 * 1 1, 2's complement numbers): 

reg [4:0] mult_A_reg; 

wire [15:0] muU_A_B_wire; 

multj mult3(.inst_A(muU_A_reg), .inst_B(e_rrg), PRODUCTJnst(imjlt._A_B_wjrc)). 

Also, the udditiotis in the first step and for the final result are done using the same adder (17-bit 
numbers): 

rcg [16:0] add_A_reg, add_B_reg; 
wire [16:0) add_A_B_wire; 

adder4 adder4(.insi_A(add_A_reg), .inst_B(add_B_reg), .SUMJnst<add_A_B_wirc)); 
First step: 

e m lsbf 19:0] = {e[10:0] + e_mjsb_temp[13:9], e_mjsb_temp[8:0] ) 
ejnjsbjemp is the result of die multiplication (mult3) of e widi 
mult_A_reg <= (e[10]) ? {2'b00. ml(2:0]}: {2'hOO. m2[2:0]}; 

The result of die multiplication is muh_AJBjvire[ 1 5:0}. The last 3 bits are discarded, bits 8. .3 
are stored to be used in the final addition, and the rest are added to e. Bodi adder inputs are pad- 
ded left with the sign because the adder used is wider than needed (it is re-used later). 

temp_e_m_lsb_rciz <= mult_A_B_wire|8:3], 
ndil.A.rag <= [ (7{e_reg[9H }" c_Teg); 

add_B_reg <= ( { 10( mult_A.B_wire(i5]) ) , mulLA_B_wire[ 15:9] ) . 
Second step: 

e_m_msb[18:0] = {e[10:0j * m[7:3J, 3'bOOO} 
Tliis is straightforward die multiplier output {mulr_A_Bjiirefl5:0f), where: 

mulr_A_reg <= (e[10]) ? {ml[7:3]J: {m2[7:3]}; 
The last 3 bits of ejnjnsb are all 0. and they are ignored. 
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Final result: 

dy[10:0] = (e_mjsb[19:0] + e_m_msbfl8:0]) [18:9] 



This is done using adder4 again: add_A_reg is e__m_msb (the result of the multiplication from 
second step) and addjijreg is ejnjsb from First step. 

add_A_reg <= {mull_A_B_wire[15j, mult_A_B_wire}; 
add_B_reg <= {add_A_B_wire|i0:0j, temp_e_m_Ub_reg); 

The result of die addition is now rfy: 

dy[10:0] = add_A_B_wire[15:6] 
4. x3 = offset + dy 

x3[13:0J = roundfoffsct[6:0j + dyll0:0J) 

offset and x3 are unsigned numbers, dy is signed represented in 2's complement. 

The actual operation is 

x3[13:0] = round(({offset_reg, 9*b000000000} + 

{{6{add_A_B_wire[15]}}, udd_A_B_wire[15:6]}) /4) = 
= (offseM-eg. 7'bOOOOOOO} + { {6{add_A_B_wire[15] } }, add_A_B_wire[ 15:81) + 
add_A_B_wire[7] 

The operation is implemented by a 14-bit adder: 

adder6 adder6(.insLA({offseLreg, 7'b0000G00}). .inst_B({ {6{add_A_B_wire[15]} }. add_A B_we[15 8]}) 
.insLCI(add^A3_wire[7])..SUM_inst(DAC_daia_cai)): 

Tine result is now the calibrated code for the DAC. 
Summary of the arithmetic cells used: 
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3.9.3.2. (Scheduling 

The calibration engine consists of 2 state machines clocked on the rising edge of the same clock. 
The first state machine (<cal_eeprom>) reads the coefficients from die EEPROM and schedules 
die multiplications, while the second state machine (<cal_arithin>) schedules die rest of arith- 
metic operations and generates die signals to write die calibrated code to die DAC. The reason 
for this implementation was to speed up the execution of a sequence of commands, eidier read 
from the FIFO or single commands to write multiple channels. 

The 2 state machines communicate between diem synchronously and generate signals for com- 
munication with the main suite machine, as shown in the figure below. 



Calibration Engine 



State Machine 
Incivmcni/Decrcment xl 
Calculate x2 



c«_bur/b 



ca ready 

: — 



^ cai_eq3rcra_ouiyb 

; e£prora_WQrdC rod 



caLeeprom 

"" A" 



wurdl nad 



cesron adOrcn 



DACQotk 



caLaxichm 



D AC Dat 



Communication between state machine and calibration engine 

The meaning of die signals is as follows: 

- start_cal: generated by die state machine when die calibration engine is supposed to read 

die xl code and run it through the datapath. The signal stays active (high) and die state 
machine waits for as long as cal_ready is low. If caLready is high, start jcal goes low and 
die state machine continues widi other tasks. The signal also stays high for as long as a 
multiple channel write command is executed. 

- caLready: generated by die calibration engine when it is ready to take new dam. It actually 

comes from <cal_eeprom> and means that it is ready to read a new set of coefficients from 
EEPROM. Because the 2 calibration state machines (<cal_eeproni> and <caLaridim>) 
are independent, it is possible that cal_ready=] while <cal_arithm> is still executing 
arithmetic operations. 

- cuLbusyb: activated by the calibration engine while any of die 2 modules are busy. If the 

stare machine has finished executing all die commands, it monitors the status of this signal 
to decide whether it can go back to sleep mode, or it has to wait a few more clock cycles 
until the last code is calibrated and written to the DACs. 

- eeprom_wordO_read and ttprom_wordl _read: used by <caLeeprom> to sicnal to 
<caLarithra> that die first and second EEPROM words respectively, have been read. In- 
itially, while eepromjxordOjread and eepromjnordl _read are bodi low, <cal_arithm> 
is inactive. When eeprom^wordO_read goes high, <caLarithm> starts scheduling the op- 
erations which can be done with what was read in the first EEPROM word. After it fin- 
ishes, loops in a wait state until eeprom_\vordl_read=l. When this happens, it finishes 
calibrating the code and generate the clock signal for the DACs. 
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The steps required for die calibration of a single DAC code are shown in the figure below. The 
notations are those used in section 3.8.5. 1. 



calculate e calculate e_mjsb_temp 
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| calculate x2 read EEPROM word 0 read EEPROM word 1 f f \ 
read data from user SRAM calculate c_m_lsb ■ 



ii CD , X1 calculate ejrunsb 

calculate user SRAM addresses 




generate DAC clock pulse 



calculate e_m 
calculate x3.tcmp 
round to x3 

Full cycle for calibration of single code (without increment/decrement and no FIFO) 

There are effectively 4 clock cycles to calculate x2 and another 4 to calculate x3, plus one clock 
cycle to generate the DAC clock. It may also be possible that die 2 operations done while the 
second EEPROM word is read (calculate e and calculate e_m Jsb.temp) can be merged into one 
clock cycle, but it was no need for it since die EEPROM read time would be at least 2 clock 
cycles. 

The odier 6 clock cycles are spent for reading the EEPROM, so a conclusion is that speeding 
up the EEPROM read access reduces die execution time. 



To exemplify the communication between modules, die following figure shows what happens 
for calibrating one code. 
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First 4 clock cycles arc used to calculate x2. After the fourth rising edge of the clock, 
stan_cal=\. which <cal_eeprom> reads on the fifth rising edge, causing it to move to the next 
state and load die new EEPROM address, eepromjread and caljeepromjmsyh are both acti- 
vated. The state machine stays in die wait state (0x054 in die plot) because there is nothing else 
lo execute. <caLeeprom> goes to die next state and then waits uutil eepromjbusy goes low. 
When diis happens (4 clock cycles after the EEPROM address has been loaded), 
eeprom_word0_read=l and the new EEPROM address is loaded (only the LSB changes). 
<cal_aridim> starts because of eepromjvordQjread and executes for 2 clock cycles, then stops 
and waits for eepromjwordl jread to activate. 4 clock cycles after the second EEPROM address 
has been loaded, EEPROM word 1 is read and <cal_eeprom> deactivates eepromjread and 
<:al_eepromJbusyb and stops execution. When eepromjwordl _read=l, <caLarithm> resumes 
execution and outputs the calibrated code and clock signal for die DACs. The state machine, 
which monitors caljmsyb, detects when it goes high and resumes execution to disable the clock 
generator. 

The same applies to all write/increment decrement commands. An example for 2 succesive 
commands to write one channel (with FIFO) is shown in die figure below. The FIFO synchro- 
nization overhead is not shown for convenience. 

The main difference is die behaviour of die state machine: instead of waiting until caljbusyb 
goes high again after the first x2 was passed, it reads die next commands from the FIFO, decodes 
it and calculates x2. Only dien die state machine waits until caljbusyb=\. It can be seen that 
start_cal is active high for 2 clock cycles instead of one in the previous example, this being be- 
cause cal_ready was initially 0. 
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1. Field of the Invention: 

This invention relates generally to digital-to-analogue converters (DACs). 

2t Disoissten of thg Rel3t<?4 Art; 

Digital to analogue converters (DACs) generate an analogue output from a digital input word. 
The output level is related to the input by the following general equation ( assumung unity gain ):- 

Output = Ref_minus + DAC Code * ( Ref_pius - Ref_minus ) (1) 

where : Output = DAC Output, differentia] or single-ended 

Ref_minus = Negative ( relative to positive ) DAC Output Reference Level input. 
Ref_plus = Positive DAC Output Reference Level input 
DAC Code = DAC data or code, usually binary. 

In order to change the DAC range the user ( either external or inside a integrated system ) normally 
changes the reference in order to change the span and offset as per the above equation. 

3, Summary of the Invention: 

All future DAC Code treatment will assume binary coding for simplicity. Zeroscale output normally 
produces, as above, the Ref_minus input or some gained up factor of same. Fullscale input produces 
an output one LSB ( least significant bit ) less than fullscale or a gained up version of same. 

If the user does not want to use the full output range of the DAC then the user can convention- 
ally only use a sub-set of the codes. In order to maximize the spectral use of such codes the user must 
be very careful and do a lot of 'digital work/The DAC Code digital input to the DAC can be pre-pro- 
cessed. 

A new approach would be to let the user choose to set up a 'zeroscale' and/or 'fullscale' relative 
to the analog reference inputs which will give a new output range offset and span. This can be done in 
the analog world with the reference inputs with care but I propose to push this into the digital pre-pro- 
cessing domain. We can have two registers, one for 'digital vref minus* and the other for 'digital vref 
plus' . One could use a reset to reset these to there conventional levels i .e. zero and fullscale code. If we 
move away from these values then the output range and span can be modulated digitally. With these 
new codes the DAC has a lessened code use and therefore reduced signal to noise ratio (SNR), effective 
number of bits(ENOB) and signal free dynamic range (SFDR). In some applications the user may still 
want to use their full digital system range and this will happen for user's without modulatable output 
range. I propose to integrate a datacompression block into the DAC such that the user may still use a 
normal digital zero to fullscale span but the data compression will 'squeeze' the code span in between 
the two digitally set up reference levels. If the 'digital vref minus* is set to zero and the 'digital vref 
plus' is set to fullscale then the DAC can become a conventional DAC ! ! This is a useful feature. 
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The following Figure 1 explains both graphically and in equation form the transfer function of 
the new DAC. Note the muliplication of the DAC Code and the Reference Code range. This will intor- 
duce some error due to the inevitable element of rounding. 
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Figure 1: Diagrams of both Convention and New DAC Architecture 

Note that allowing the DAC system to use it's full input code range means that the user's SNR is not 
restricted. The DAC does it's best to get the highest spectral performance. This DAC architecture is 
very useful in Communications systems and pushing the range control back into the digital domain, 
rather than analog, generally speaking makes it easier to integrate. It still retains all the flexibility of a 
conventional DAC. 
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Appendix No. 4 

PrA version of the AD5379 datasheet 
(PrA = Preliminary version A, the first one) 
Author: Albert O' Grady 
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40-Channel, 13-Bit, Parallel Input, 
Voltage-Output DAC 



Preliminary Technical Information 



AD5379 



FEATURES 

40-Channel, 13-Bit DACs in One Package 
Voltage Outputs 
Offset Adjust for Each DAC Pair 
References: V REf W = +3 V; V R «<-) = -lV 
Output Voltage Range of -2.5 V to 4-6.5 V 
Clear Function to User-Defined Voltage 
119-Pin PBGA Package 

APPLICATION 

Automatic Test Equipment 

GENERAL DESCRIPTION 

The AD5379 contains forty 13-bit DACs on one mono- 
lithic chip. It has output voltages with a full-scale range 



FUNCTIONAL 
BLOCK DIACRAM 



of -2.5 V to +6.5 V from reference voltages of -IV and 
»3V 

The AD5379 accepts 13-bii parallel loaded data from the 
external bus Inr o one of the input latches under the control 
of the WR. CS and DAC channel address pins, A0-A7. 

The DAC outputs are updated on reception of new data 
into the DAC registers. All t he outp uts can be updated 
simultaneously by taking the LDAC input low. 

Each DAC output is buffered with a gain-of-two amplifier 
into which an external DAC ofTset voltage can be inserted 
via the DUTCNDxx pins. - 

The AD5379 Is available iiva 119-pin PBCA package. 
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Information furnished by Analog Devices is believed to be accurate and 
reliable. However, no responsibility is assumed by Analog Devices for its 
use. nor for any infringements of patents or other ri^tts of third parties 
which may result from its use. No license ts granted by triplication or 
otherwise under anv oateni or oauart rtohts of Ana too Devices 
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Fai: 781/326-8703 Analog Device*, Inc.. 1999 
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AD5379-SPECIFICATI0NS 



(V cc ^ 4-3 V ± 10%; V,* = +9 V t 10%; V ss = -5 V t 10% ; Vr£ F . = +3V; 
V REF . = -IV; GND = DUTGND = 0 V; I t = 1 mA aid C L = 50 pF to GND, V 
= Iuin to W unless otherwise noted) 



Parameter 


AD5379 


Units 


Test Conditions/Comments 


ACCURACY 
Resolution 
Kelauve Accuracy* 
Differential Nonlinearity 3 
Zero-Scale Error 
Full -Scale Error 
Cain Error 

Gain TernptrauueCoeffident 3 
DC Crosstalk 3 


13 
—? 

±0.9 

±4 

±4 

rl 

0.5 

10 

0.25 
0.08 


Bits 

LSBmax 
LSBmax 
LSBmax 
LSB max 
LSBtyp 

pprn FSR/ C lyp 
ppm FSR/ C max 
m V max 
mV typ 


Typically ±0.5 LSB. 

Guaranteed Munotonic Over Temperature. Typically ±0.3 LSB 
v re? M = +3 V, Vref^ -) = -I V. Typicailv within ± I LSB 
Vref(-) = +3 V. VrefO = -1 V. Typicailv within rl LSB 

v REF\ / -+JV, VrpfH = -I * 


REFERENCE INPUTS 3 
DCInputResistance 
Input Current 
v refW Range 
Vref(-) Range 
|VrufW.V ref ()| 


100 
♦ 1 

0/3 

-1/0 

2/4 


MCJ typ 
pA max 
V min/max 
Vmin/max 
Vmin/max 


rer input. 1 ypically ±30 nA 

For Specified Performance. Cango as low as 0V but perfor 
rnance not-guaranteed. 


DUTCND INPUTS 3 
DC input Impedance 
Max Input Current 
Input Range 4 


60 
±1 

±0.5 


k-Q typ 
pAtyp 
Vmin/max 


Per Input. 


U UTPLT CHARACTERISTICS 3 
Ourptit Voltage Swf np t 

Short Circuit Current 
Load Current 
CapacKtve Load 
DC Output Impedance 


-2.5 to +6:5 

10 
±1 
50 
I 


Vmin/max 

mAmax.. 
in A max 
pF max 
Umax 


Output Unloaded. 

Vo-JT- 2 x (VW(-)*[VW(-)-V REf (-)I*D)-V 0l . TCND 

ToOV 
To 0 V 


DIGITAL INPUTS 
V lNH . Input High Voltage 
Viis L . Input Low Voltage 
Iinh. Input Current 3 

Cw. Input Capacitance 3 


2.0 
0.4 
±1 
= 10 
10 


Vmin 
Vmax 
pA max 
pAmax 
pFmax 


V CC =3V±10% 

Total for All Plus. T A =*25 C. 
Total for All Pins. T A -T„, N to Tmax 


POWER REQUIREMENTS 5 

Vcr 

Voo 

Power Supply Sensitivity 3 
AFull Scale/A Vno 
AFull Sralft/AVsc 

Ice 

hz 


-2J/+3.3 
-8.I/+9.9 

-4.5/-S.5 

♦90 

-90 

0.5 

40 

40 


V min/V max 

V min/V max 

V min/V max 

dB typ 
dR ryp 
rnAmax 
mAmax 
mAmax 


Vinh = V cc . V, NL a CND. Dynamic Current 
Outputs Unloaded. Typically 25 mA 
Outputs Unloaded. Typicailv 25 mA 


NOTES — — 



Temperature range for A V en ion: 0 C to -85 C 

R.lat.ve Accura<> and Different^! Nuitiinearity spec* eje ptod-ctior. tested at the conditions 
V^e,.- IV. 

'Cuaranfee.d hy characterization. Not producton te5t«d. 
'See DLTCXD Voltage Range (page X) 

The AD5379 is functional with power suppltei of - *X V and -X V 
Specifications subjec: to char.ge without notice. 



above: V oc ..9V S 10%. V M » -5 V * 10%, V REr . - *3 V. 
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AD5376 

AC PERFORMANCE CHARACTERISTICS 



(These characteristics are included for Design Guidance and are 
not subject to production testing.) 



Parameter 



A 


Units 


30 


usryp 


50 


us max 


0.7 


VTjb typ 


50 


nV-sryp 


15 


mVmax 


100 


dBtyp 


40 


nVs typ 


0.2 


nV s ryp 


O.t 


nV-s typ 


200 


nV/(Hz) ,/z typ 



Test Conditions/Comments 



DYNAMIC PERFORMANCE 
Output Voltage Settling Time 

Slew Rare 

Digital-to- Analog Clitch Impulse 

Glirch Impulse Peak Amplitude 
Channel -to -Channel Isolation 
DAC-to-DAC Crosstalk 
Digital Crosstalk 

Distal Feerirhrou^h 
Output Noise Spectral Density 
@ I kHz 



Ftill-Sralc Change to ±1/2 LSB. DAC Lairh Contents Alternately 
Loaded with All 0s and AH Is 

Measured with V KKK (^) = +3 V. V^,(-) = - I V . DAC Latch 
Alternately Loaded with 0FFF Hex and 1000 Hex. Not Dependent 
on Load Conditions 

See Terminology 
See Terminology 

Fecdthrough to DAC Output Under Test Due to Change In Digital 

Inpur Code to Another Con von er 

Effect of Input Bus Aettvtiy on DAC Output Under Test 

All Is Loaded to DAC. V WK (+) = V W , K (-) = 0 V 



Spfrit.raiinmiubjprt in change withnuinmii:r 



TIMING SPECIFICATIONS 1 <»« s +3 v * 10% ; v » - v * : 10% ; v« = - : s v s 10 %■. gnd = dutgnd = o vj 



Parameter 



Limit at T M ;x Tmax 



Units 



Description 



h 
la 
U 

ia 

tii 

NOTES 



0 . 
20 

20: 

0 
0 

4.5 

4.5 

30 

300 

20 



ns ruin' 

ns min 

ns min 

ns min 

ns min 

:ns min 

ns min 

ns min 

us typ 

ns max 

ns min 



Address to WR Setup Time 
Address to WR Hold Time 
CS Pulse Width Low 
WR Pulso Width Low 
SS to WR Setup Time 
WR to GS Hold Time. 
Data Setup Time 
Data Hold Time 
Settl ing Time 
CLR P ulse Activation Time 
LDAC Pulse Width Low 



;AIi snpu: jign.b .re nwifed with t f - c, - 5 ns (1 0% in 30% of J V) ,„d rimod from a vo t*„ U-v.l of! ? V 
Kjsp and fa!) :i ;:icJf should be nu longer L»:an 50 ns. t 
Sp«riflrnttnns s.iheet iorhang*wiihoi:tnnt:ce. ffir *" 
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Figure 1. Timing Diagram 



AD5376 

Address Register Decoding. 

The AD5379 contains a nine bit address bus. This address bus provides a number cf Matures as outlined in the rabies 
below. DAC input data registers can be selected independanlly. by even address, by odd address or in groups of 4. 
The address bus also allows each multiply (M) register and each Offset (C) register tc be individual^ updated. 
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Update DAC Input Data Register selected by Address A6-A0 
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Update Multiply (M) Register selected by Address A6-A0 
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Update Offset (C) Register selected by Address A6-A0 
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Update all input data registers simultaneously with the same da 
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Simultaneously update all input data registers with an Even ad< 


Jress 
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Simultaneously update all input data registers with an Odd address 
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A3 


A2 


A1 


AO 





Simultaneously update a group of input data registers 
selected by addresses A3-A0. 

A3-A0=0, 0.0,0 simultaneously updates DAC registers 0. 10. 20 & 30. 

Figure 2. Address Register Decoding Scheme 
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